The course of autosomal dominant polycystic kidney disease (ADPKD) varies among individuals, with some reaching ESRD before 40 years of age and others never requiring RRT. In this study, we developed a prognostic model to predict renal outcomes in patients with ADPKD on the basis of genetic and clinical data. We conducted a crosssectional study of 1341 patients from the Genkyst cohort and evaluated the influence of clinical and genetic factors on renal survival. Multivariate survival analysis identified four variables that were significantly associated with age at ESRD onset, and a scoring system from 0 to 9 was developed as follows: being male: 1 point; hypertension before 35 years of age: 2 points; first urologic event before 35 years of age: 2 points; PKD2 mutation: 0 points; nontruncating PKD1 mutation: 2 points; and truncating PKD1 mutation: 4 points. Three risk categories were subsequently defined as low risk (0-3 points), intermediate risk (4-6 points), and high risk (7-9 points) of progression to ESRD, with corresponding median ages for ESRD onset of 70.6, 56.9, and 49 years, respectively. Whereas a score #3 eliminates evolution to ESRD before 60 years of age with a negative predictive value of 81.4%, a score .6 forecasts ESRD onset before 60 years of age with a positive predictive value of 90.9%. This new prognostic score accurately predicts renal outcomes in patients with ADPKD and may enable the personalization of therapeutic management of ADPKD.
Autosomal dominant polycystic kidney disease (ADPKD) is the most common Mendelian kidney disorder, and it represents 5%-10% of the ESRD causes in incident patients needing RRT. 1, 2 ADPKD is genetically heterogeneous with two causative genes identified: PKD1, located at 16p13.3, and PKD2, located at 4q21, with .1400 pathogenic mutations reported so far. 3 ADPKD is characterized by fluid-filled cyst development that causes progressive and irreversible deterioration of kidney function. Approximately 50% of the patients experience ESRD onset in the sixth decade, 4 but a high level of variability exists in relation to renal outcomes, ranging from rare and very severe neonatal forms 5, 6 to only moderate GFR reductions after 75 years of age. 7 Substantial progress in understanding the cellular mechanisms underlying ADPKD 8 has triggered the development of targeted therapies that interfere with cyst formation and proliferation. However, despite the impressive effects of candidate drugs in murine models, which include mammalian target of rapamycin inhibitors, 9 ,10 somatostatin analogues, 11 and vasopressin-2 receptor antagonists, 12 the results from most of the clinical trials have been disappointing. For instance, two clinical trials involving mammalian target of rapamycin inhibitors have shown no benefit. 9, 10 Furthermore, octreotide administration over a 3-year period did not significantly reduce the increase in total kidney volume (TKV) or kidney function deterioration. 11 Additionally, a large trial evaluating tolvaptan, a vasopressin-2 receptor antagonist, demonstrated a moderate but significant reduction in TKV and kidney function deterioration during a 3-year period. 12 One explanation for these mixed results may be the heterozygous nature of the cohorts of patients selected in some of these trials. Indeed, demonstrating the significant effects of candidate molecules is difficult when slow and rapidly progressing patients are enrolled.
Undoubtedly, one or more ofthe new drugs will eventually gain marketing authorization, leading to questions about who should be treated and for how long, and when to start treatment. The benefit-to-risk ratio will be the key issue for physicians to consider, while they also take into account the risk of evolution to ESRD, efficacy, the adverse effects of the molecules, and the treatment costs. As targeted therapies emerge, there is a particular need for accurate prognostic tools that can provide early predictions of renal outcomes in patients with ADPKD. Additionally, a prediction tool would be useful to inform and possibly reassure patients about the likely course of their disease.
In this study, we aimed to assess the predictive value of genotypic and clinical factors and to develop a prognostic algorithm to forecast the progression to ESRD in patients with ADPKD.
RESULTS

Description of the Genkyst Cohort and Overall Renal Survival
Initially, we assessed a cohort of 1341 individuals from 913 pedigrees who participated between late 2009 and January 2015 and already had a molecular analysis of PKD1 and PKD2 genes completed. Table 1 
Results of Univariate Analysis
In the univariate analysis, we initially investigated the influence of clinical factors on renal outcomes. Patients who had required treatment for hypertension before age 35 years had significantly worse renal prognoses than patients who had not ( Figure 1A , Table 2 ). The occurrence of any of the three main urologic manifestations of ADPKD (hemorrhagic events involving gross hematuria or cyst hemorrhages, cyst infections, or flank pain related to cysts) before 35 years of age was strongly associated with renal survival (Table 2 ). Patients presenting with at least one of these urologic manifestations before 35 years of age had more severe renal outcomes than patients with no urologic manifestations before that age ( Figure 1B ). Smoking status did not influence renal survival. Among women, a higher number of births did not compromise the renal prognosis (Table 2) .
We identified the influence of genetic factors on renal survival. Patients harboring truncating PKD1 mutations were more likely to develop ESRD earlier than patients with nontruncating PKD1 mutations and patients with PKD2 mutations, with corresponding median ages for ESRD onset of 55. 1 Figure  1C ). Sex was not identified as an influence in patients with nontruncating PKD1 mutations or in patients with PKD2 mutations. Figure 1) , four variables remained as independent predictors of the progression to ESRD, namely, sex, need for antihypertensive therapy before 35 years of age (referred hereinafter as age at hypertension onset), occurrence of the first urologic event before 35 years of age, and genetic status (Table 3) . These results were confirmed by crossvalidation (Supplemental Table 1 ) and bootstrap resampling analysis (Table 3) . No violation of proportionality assumption was found for any variable. A prognostic weighting was derived for each variable based on the hazard ratio (HR) obtained. The highest prognostic weighting was associated with the Figure 1 . Age at hypertension onset, age at first urologic complication and the causative mutation all influence renal survival. (A) Significant difference in renal survival between patients treated for hypertension before 35 years of age (dotted curve, n=357) and patients who did not receive treatment for hypertension before 35 years of age (black curve, n=788). (B) Significant difference in renal survival between patients presenting with their first urologic event (gross hematuria, flank pain, or cyst infection) before 35 years of age (n=294, dotted curve) and patients without any urologic events before that age (n=824, black curve). (C) Significant differences in renal survival between the PKD2 mutation carriers (genetic group 1, n=248, black dotted curve), PKD1 nontruncating mutation carriers (genetic group 2, n=322, black curve), women with truncating PKD1 mutations (genetic group 3, n=380, gray curve), and men with truncating PKD1 mutations (genetic group 4, n=321, gray dotted curve).
genotype, with 4 points for truncating PKD1 mutations, 2 points for nontruncating PKD1 mutations, and 0 points for PKD2 mutations. Hypertension onset before 35 years of age and urologic complications before 35 years of age both had weightings of 2 points, and being a man had a weighting of 1 point. Finally, the predicting renal outcomes in ADPKD (PROPKD) score was calculated as the sum of these weightings for the four variables, with results ranging from 0 to 9 points (Table 3 ). The accuracy of the score at predicting renal survival in the 973 patients was high, with a mean (6SEM) time-dependent area under the receiver-operating characteristic curve (AUC) of 0.8460.02 at 65 years of age. Three risk categories were defined on the basis of the prognostic scoring, with patients at low, intermediate, and high risks of progression to ESRD scoring 0-3, 4-6, and 7-9 points, respectively. Median ages at ESRD significantly decreased from the low-risk to the intermediate-risk group and from the intermediaterisk to the high-risk group ( Figure 2 , Table 4 ). This result was confirmed by the cross-validation strategy (Supplemental Figure 2 ). At age 60 years, the probabilities of ESRD obtained by Kaplan-Meier analysis were 19.3% in the low-risk group, 60.8% in the intermediate-risk group, and 91.9% in the high-risk group (Table 4) . (Figure 3 ).
Alternative for Patients with Missing Clinical Data: The Genetic Score
To address the issue of patients aged ,35 years and patients with missing clinical data for whom the PROPKD score is not applicable, we evaluated the predictive ability of a genetic score that comprised the genetic data and the sex only. According to the Cox and Kaplan-Meier analyses, four categories of patients differed significantly from one another in terms of renal survival, and four prognostics groups were defined as follows: patients with PKD2 mutations: 1 point; patients with nontruncating PKD1 mutations: 2 points; women with truncating PKD1 mutations: 3 points; and men with truncating PKD1 mutations: 4 points ( Figure 1D) . A genetic score $2 points, which incorporates the presence of a truncating PKD1 mutation, predicted ESRD onset before age 65 years with a sensitivity of 73.8%, a specificity of 74.3%, a PPV of 80.4%, and an NPV of 66.6%. Table 6 presents the performance characteristics of the genetic score. We then compared the performances of the PROPKD and the genetic scores. The PROPKD time-dependent AUC was significantly higher (P,0.002) for all ages censored between 40 years and 65 years ( Figure 4 ).
DISCUSSION
While we are moving to the era of targeted therapies in ADPKD, prognostic tools are necessary for the optimal selection of patients in clinical trials and, thereafter, the choice of treated patients when the treatments will be available. In addition, an increasing number of patients express a demand of information on their individual risk of progression to ESRD. Herein, we have proposed a new algorithm that integrates molecular genetic and clinical data to predict renal survival in patients with ADPKD and enables a personal approach to clinical decision making.
TKV has been proven highly predictive of eGFR decline in different studies. [13] [14] [15] In particular, height-adjusted TKV .600 ml/m predicted the development of stage 3 CKD within 8 years. 14 More recently, Irazabal and colleagues developed an imagery-based prognostic model 15 to predict GFR decline in patients with ADPKD. The authors demonstrated that ellipsoid TKVat a given age enabled to predict GFR decline slope in patients with ADPKD and proposed to forecast GFR value at any time, entering TKV, age, and creatinine at baseline. Although the overall prediction value of the model is very good, its performance is less accurate in patients with normal kidney function. Additionally, TKV should be reevaluated in patients in whom the model predicts a good renal prognosis, as more than one out of five of them will later move to another prognostic category. Last, the model could not be applied in 8.8% of the patients of the initial cohort with atypical imagery presentation. For all these reasons, the imagery-based model, which performs well in predicting eGFR decline in a shortterm perspective, seems more appropriate to select patients in the clinical trials than for long-term prediction of renal outcome in patients with ADPKD. The prognostic model proposed by Irazabal and ours should therefore not be considered as mutually exclusive but as two different and complementary tools.
To demonstrate significant effects of candidate molecules, future trials should focus on patients with poor renal prognoses, and we believe that the PROPKD score may be a valuable tool that could identify these patients. Indeed, patients from the high-risk group, (19.7% of the patients in our cohort), appear to meet this definition, as they have a 90.9% risk of evolution to ESRD before age 60 years. In sharp contrast, patients from the low-risk group (33.5% of the patients in our cohort), should not be exposed to the potential adverse effects of candidate molecules, because they have good renal prognoses, and this is supported by the NPVof 81.4% for a PROPKD score #3 points at 60 years of age.
The same rationale may help to customize therapeutic decision making when the treatments become available. Indeed, while the decision to treat or not to treat will be relatively straightforward for patients in the high-and low-risk categories, different factors may influence the decision to treat patients with an intermediate risk of ESRD onset, which will include the patient's tolerance of the molecule, the quality of the patient's life, and health reimbursement policies in the different countries. It is worth underlining that risk assessment provided by our score does not preclude classic followup, especially monitoring of kidney function. The observation of a faster eGFR decline than expected in a patient from the low-risk category, for instance, shall lead to a reconsideration of the risk assessment and subsequent therapeutic decisions.
The PROPKD score can be used from 35 years of age or earlier in patients with both hypertension and urologic complications before this age. For patients requiring earlier evaluations of their prognoses or for those whose clinical data are missing, including the age at first antihypertensive therapy or when the first urologic complication occurred, the genetic score, although less accurate, provides a good estimate of renal prognosis ( Figure 5 ). In the absence of other large existing cohorts with patients recruited at all the CKD stages, including ESRD, and with both precise retrospective clinical data and molecular genetic results available, external validation has not been possible. However, model robustness was internally evaluated using a conjunction of bootstrap and cross-validation testing, which led to highly consistent findings. A longitudinal replication analysis would be an ideal method to confirm the prognostic value of our scoring system; however, since ADPKD is a slowly progressive disease, this will not be feasible in the near future. Although mutation detection rates have increased significantly in the last 10 years, molecular analysis of the PKD1 and PKD2 mutations remains negative in 7%-10% of the pedigrees [16] [17] [18] (6.3% in our cohort), rendering the genetic and the PROPKD scores inapplicable to this patient subset. In addition, we are conscious that the cost of molecular analysis remains an important barrier to its widespread use, but this cost should decline steadily in the forthcoming years, because of the automation of reaction preparations and the development of next-generation sequencing technologies. 17 Furthermore, not all patients with ADPKD require comprehensive analyses of both genes because confirmation of a previously identified familial mutation will be sufficient for some patients, and it is much less expensive.
Predicting renal outcomes is, more than ever before, a key question for the patient and the physician in ADPKD. As targeted therapies approach, nephrologists should expect to more patients with milder forms of ADPKD referred to them. They will have the responsibility of determining which patients should be treated, who can benefit from regular monitoring, and who should be reassured. We believe that the PROPKD score will be valuable in assisting with this difficult task. As illustrated in this study, combining clinical and genetic data to predict a disease's evolution aligns perfectly with the entry in the era of personalized medicine.
CONCISE METHODS
Participants
Genkyst is a cross-sectional study involving .70 nephrologist investigators working in Brittany, France. Patients with ADPKD from the Genkyst cohort were recruited from dialysis centers and through nephrology and transplant consultations between 2009 and January 2015. ADPKD diagnoses were made using previously described criteria. 19 The patients' clinical data were obtained during medical interviews at the time of their inclusion and from medical records and were entered in standardized clinical research forms. The data evaluated included kidney function, calculated using the Modification of Figure 2 . The PROPKD score enables stratification of risk of progression to ESRD in patients with ADPKD. (A) Renal survival based on PROPKD, with scores ranging from 0 to 9 points. (B) Significant differences in renal survival in patients from the three prognostic categories, as follows: low risk (0-3 points), intermediate risk (4-6 points), and high risk (7-9 points) of early progression to ESRD. Diet in Renal Disease formula, or the age at ESRD onset, which was defined according to the requirement for dialysis or transplantation, and factors that have been reported to influence renal survival, 20 such as BP, age at hypertension (defined as the age when the first antihypertensive therapy was administered), the previous occurrence of urologic events (gross hematuria, symptomatic cyst hemorrhage, cyst infections, and flank pain related to cysts), the number of births in women, and smoking status. According to the literature, the threshold of 35 years was chosen for all complications to categorize patients. 21 All participants provided informed consent, and the local ethics committee approved the study.
Molecular Analysis
A comprehensive molecular analysis of the PKD1 and PKD2 genes was conducted for all the patients. Mutation detection and pathogenicity predictions for missense mutations were performed as previously described. 16, 18 Supplemental Table 3 shows all of the mutations identified. PKD1 mutations were divided into two categories: truncating mutations, including nonsense, frameshift, splicing mutations, and large rearrangements, and nontruncating mutations, including missense mutations and in-frame short deletions and insertions.
Statistical Analyses
All statistical analyses were performed using SPSS software, version 19 (IBM Corp., Armonk, NY), and R software, version 2.15.1 (R Foundation for Statistical Computing, Vienna, Austria). Renal survival was analyzed using the Kaplan-Meier method. The differences between the survival curves were assessed using a log-rank test with a 0.05 significance level. Univariate Cox proportional-hazards regression analysis was used to identify variables of possible prognostic significance. Variables were entered into the Cox multivariate analysis when they were associated with ESRD onset in the univariate analysis at a conservative threshold of 20%. The final model was chosen through backward selection based on an estimation of the maximum likelihood. We verified the proportional hazard assumption by testing covariate-by-time interactions for each variable in the final model. 22 The validities of the HRs and the confidence intervals were confirmed using two different internal validation strategies. First, we used a crossvalidation algorithm that used 90% of the cohort's data for training and 10% for validation; this was repeated 10 times. The second validation strategy used a nonparametric bootstrapping resampling analysis with replacements. We then constructed a scoring system by entering all of the significant variables obtained using multivariate analysis. The number of points for each prognostic factor was obtained by dividing each HR by the smallest HR considered and rounding the resultant ratio to the higher integer. To assess the validity of this scoring system, 10 scores were built from the HR obtained in each of the 10 training datasets (90% of the patients for each) and applied in the patients omitted in each training dataset (i.e., the 10% validation subsets).
Time-dependent receiver-operating characteristic (ROC) curves and the AUCs for censored survival data were used to quantify the discriminative abilities of each score in the prediction of renal survival up to 65 years and to compare the developed scores 23 ; therefore, the Kaplan-Meier estimator of the censored distribution was used. The time-dependent ROC AUC represented the probability that the score of a case (i.e., a patient who undergoes the event at time T before time t) was greater than the score of a control (i.e., an event-free patient at the same time t). Thereby, the time-dependent ROC AUC quantifies how well our scores can distinguish patients who reach ESRD by a given time t from patients who reach ESRD after this time (or who do not reach ESRD).
To assess the predictive performance of the scoring system, timedependent sensitivities, specificities, PPVs, and NPVs were estimated with their SEMs at several given cutoff points, that is, for different score threshold values. An R package, timeROC version 0.2, 24 was used for the time-dependent ROC curve analyses. Additionally, retrospective annual rates of eGFR decline (ml/min per 1.73 m 2 per year) were calculated for all the patients who had at least two eGFR values of 15-90 ml/min per 1.73 m 2 noted in their standardized case report forms, separated by at least 1 year. Median rates of eGFR decline across the three prognostic groups that were defined by our prognostic scoring system were compared using the Kruskal-Wallis test and Mann-Whitney test for pairwise comparisons after Bonferroni correction of risk. Figure 5 . Decision-support algorithm to assist in the selection of a prognostic model to predict renal outcomes in patients with ADPKD. For patients younger than 35 years of age who have already experienced urologic events, including gross hematuria, flank pain, or cyst infections, and are already receiving treatment for hypertension and for patients older than 35 years of age with clinical data available, the PROPKD score is applicable. For patients with ADPKD under 35 years of age and/or for whom clinical data are lacking, the genetic score, although less accurate, can be used to predict renal survival.
